Introduction
============

Ischemic injury in the retina may be associated with several retinal pathologies such as ischemic optic neuropathy, diabetic retinopathy, retinopathy of prematurity, and glaucoma.[@b1-oed-6-2014-043]--[@b6-oed-6-2014-043] Ischemic conditions cause hypoxia or even anoxia and trigger a loss of retinal cellular functions. As a consequence, there are varieties of changes in retinal function metabolism and morphology that lead to impaired vision.[@b7-oed-6-2014-043]--[@b10-oed-6-2014-043] Due to the lack of effective treatment, studies in this area are carried out to provide substantial insides into the mechanisms involved in retinal ischemic damage.

It is somewhat paradoxical that reperfusion of the retinal tissue can also cause severe tissue injury including cell death and tissue necrosis. The reperfusion injury is thought to be a consequence from the introduction of oxidative stresses and the endogenous generation of free radicals.[@b11-oed-6-2014-043]

It is now known that ischemia/reperfusion (IR)-related injury in the retina results in death of the retinal ganglion cells and other inner retinal neurons, often resulting in blindness of the affected eye.[@b12-oed-6-2014-043]--[@b14-oed-6-2014-043] These changes are reportedly linked with induction and/or repression of certain specific genes. The signal transduction mechanisms and cellular processes underlying retinal damage induced by IR are not completely understood and remain a very important area for scientific inquiry.

It is to be hoped that a more complete characterization at the molecular level will highlight the important genes, gene networks, signaling cascades, and cellular processes that should be targeted for interventional therapies. Some studies have used microarrays to investigate animal models of glaucoma,[@b15-oed-6-2014-043]--[@b26-oed-6-2014-043] while others have investigated the altered expressions of a few selected genes in response to ischemia.[@b27-oed-6-2014-043]--[@b29-oed-6-2014-043] However, there is very little information in the literature related to differences that may exist between the gene responses evident in initial, intermediate, and prolonged reperfusion times following an acute ischemic insult. Differentially expressed genes observed after ischemia at different reperfusion times in animal models, as shown in this study, could be quite relevant to the treatment of ischemic disorders in the human condition.

For this purpose, we investigated patterns of gene expression in rat retinas after 0 hour, 24 hours, and 7 days of reperfusion, subsequent to a 60-minute period of ischemia. Results were further validated with the aid of quantitative real-time PCR, immunocytochemistry of fixed tissue sections, and Western blots.

Methods
=======

Animals
-------

Long Evan's hooded male rats (Harlan, Indianapolis, IN) weighing 250--300 g were used. All animals were housed on a 12-hour light--dark cycle with food and water *ad libitum*. The treatment and care of all animals used in this study were approved by the University of Louisville Institutional Animal Care and Use Committee and were performed in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use and Care of Animals in Ophthalmic and Vision Research.

Statistical analysis
--------------------

A total of 36 animals were used for the microarray study. Sham control and IR-injured animal groups contained 18 rats per group. Each of the sham and IR injury-related groups were divided into three subgroups of six animals based on the three time points used for this study (0 hour, 24 hours, and 7 days). The same samples that were used in the microarray study were also used for the real-time PCR. For the Western blots, a total of 18 rats were used. The animals were divided in two groups (sham control and IR-injured animal groups), with nine animals per group. Each group was further divided into three subgroups of three animals for the 0-hour, 24-hour, and 7-day time points.

IR injury
---------

To induce ischemia, rats were first anesthetized with sodium pentobarbital (50 mg/kg, i.p.). Tetracaine hydrochloride (0.5%) and Tropicamide (1% ophthalmic drops) were administered to provide local anesthesia and mydriasis, respectively. For induction of high intra-ocular pressure (IOP), the anterior chamber of one eye was cannulated with a 30-gauge needle attached to an elevated 1 L sterile saline reservoir. High IOP of 110 mmHg was maintained for 60 minutes. Following the removal of the needle, reperfusion proceeded for one of the three time points including initial, intermediate, and late stage time points, which were 0 hour, 24 hours, and 7 days, respectively. At these respective time points, the animals were euthanized and tissues were collected. The same procedures were administered to rats receiving sham surgeries except that high IOP was not induced. The IOP was measured in mm Hg at 15, 30, and 60 minutes using a TonoLab tonometer device (Colonial Medical Supply, Franconia, NH). Retinas were dissected from each eye, flash frozen in liquid nitrogen, and stored at −80 °C for subsequent use.

RNA isolation and analysis of quality
-------------------------------------

Whole retinas were isolated from animals at the three perfusion time points of 0 hour, 24 hours, and 7 days. Retinas were then homogenized in lysis/binding buffer (Ambion Inc., Austin, TX, US) using a motorized rotor-stator homogenizer. Total RNA was isolated from each retina using *mir*Vana™ miRNA Isolation Kit (Ambion, Inc, Austin, TX). The quality of the RNA was checked with the aid of the spectrophotometer (NanoDrop Technologies, Wilmington, DE). The RNA integrity numbers for all samples were greater than 8.

Preparation of cyanine 3-CTP labeled cRNA targets
-------------------------------------------------

Total RNA (200 ng) was used to generate fluorescently labeled cRNA with the aid of *Low RNA Input Linear Amplification kit* with one-color (Agilent, Cedar Creek, TX). Briefly, this kit uses T7 promoter primer to synthesize cDNA and T7 RNA polymerase to synthesize cRNA, which simultaneously amplifies the target material and incorporates cyanine 3-labeled CTP. The labeled cRNA was purified by using the *RNeasy Mini Elute kit* (Qiagen, Valencia, CA). The yield and incorporation efficiencies were measured with a spectrophotometer (NanoDrop Technologies, Wilmington, DE). The yield of labeled cRNA per animal was greater than 1.65 ug, and the specific activity was greater than 9.0 pmol Cy3 per ug cRNA.

Hybridization
-------------

1.65 ug of each labeled cRNA sample per animal was fragmented at 60 °C for 30 minutes (Agilent Gene Expression Hybridization kit) and then hybridized to the oligonucleotide arrays (Agilent, Whole Rat Genome 4x44K, 60-mer oligonucleotides; G4131F) at 65 °C for 17 hours. After hybridization, the microarray slides were washed with Agilent gene expression wash buffers: buffer 1 at room temperature for 1 minute and buffer 2 at 37 °C for 1 minute.

Microarray scanning
-------------------

The slides were scanned with the aid of an Agilent microarray scanner (G2565BA) with a setting for one-color using the green channel and 5 um resolution. The one-color microarray images (.tif) were extracted with the aid of Feature Extraction software (v 9.5.1, Agilent).

Microarray data analysis
------------------------

The raw data files (.txt) were imported into GeneSpring (GX 11.1) and the data were normalized and analyzed. GeneSpring generates an average value from the six animal/samples for each gene. Data were transformed to bring any negative values or values less than 0.01 to 0.01 and then log2-transformed. Normalization was performed using a per-chip 75 percentile method that normalizes each chip on its 75 percentile, allowing comparison among chips. Then a per-gene on median normalization was performed, which normalized the expression of every gene on its median among the samples.

The differentially expressed genes of significance were evaluated with the aid of Volcano Plots (*P* value versus fold change). Unpaired *t*-test comparison of the experimental and control groups was then derived from the Volcano Plots. Differentially expressed genes with *P* values less than or equal to 0.05 and fold changes greater than or equal to 2 were determined. The *P* values were obtained with the Bonferroni correction test which provides for a high stringency test with few false positives.

Ingenuity pathway analysis
--------------------------

Pathway Analysis software (IPA 6.0; Ingenuity Systems, Mountain View, CA, USA) was used to identify functional groups and canonical pathways for those genes that were differentially expressed at the three reperfusion time points.

Gene ontology analyses
----------------------

Gene ontology (GO) category enrichment analysis of the differentially expressed genes was evaluated with the aid of Partek software (Partek Inc, St Louis, MO), based on their respective molecular function, biological process, or cellular component. GO term-enriched genes chosen for further analyses included: immune/inflammatory response, cell death/apoptosis, stimulus response, and glutamate receptor activity/pathway.

Real-time PCR
-------------

To validate and confirm the expression levels of selected genes, real-time PCR was performed.

RNA (50 ng) was subjected to DNase treatment and used further for cDNA synthesis using Taqman reverse transcription reagents (Applied Biosystems, Foster, CA). TaqMan quantitative real-time polymerase chain reaction (RT-PCR) was performed using the following primers: VHL (Rn00583795_m1), Rac2 (Rn01504461_g1), NF-kappa B (Rn01413849_g1), Caspase3 (Rn00563902_m1), C1q (Rn00693288_m1), C3 (Rn00566466_m1), GRM5 (Rn00566628_m1), and GNG7 (Rn00577133_m1) from Applied Biosystems. Each RT-PCR reaction contained a final concentration of 10 ng of cDNA, 900 nM of primers, 250 nM of probes, and TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, California, United States) and ran for 40 cycles. Data were collected and analyzed with sequence detection software (7000 Sequence Detection System, ABI Prism).

Real-time data analysis
-----------------------

Relative expression levels of the target genes were analyzed according to the 2^−ΔΔCt^ method[@b30-oed-6-2014-043] and by normalizing against 18S expression. We are aware that reference genes can be problematic when used for normalization in different conditions because expression levels in that particular condition may differ from their general expression level. In our pilot experiments, we used 18S, Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), and β-actin as reference genes and validated 18S as a more stable control in our ischemic model. Therefore, we have chosen 18S as a control in the microarray study and the RT-PCR experiments. *Ct* values were expressed as fold change. Experiments were performed in duplicate for each gene using six independent biological replicates. *Ct* values were compared with a one-way analysis of variance (ANOVA) and with Tukey's *post-hoc* test.

Immunocytochemistry
-------------------

Six rats (three in a sham control group and three in an IR 7 day-related group) were euthanized with sodium pentobarbital (100 mg/kg, i.p.) and transcardially perfused. Initial perfusion was done with calcium-free Tyrodes solution and was followed by perfusion with 4% paraformaldehyde (PFA) in 0.1M phosphate (PB), pH 7.4. Eyes were enucleated and post-fixed overnight in 4% PFA at 4 °C. To ensure cryoprotection, eyes were embedded in 30% sucrose diluted in PBS and incubated for 3--5 days. Vertical sections of retina (14 μm) were collected using cryostat and subsequently stored at −80 °C. Prior immunostaining, tissue sections were thawed and rehydrated in Tris-buffered saline (TBS), pH 7.2. Slides were then blocked in 10% normal donkey serum (NDS, Jackson Immuno) diluted with 0.05% Triton X-100 in TBS (Tx-TBS) for 1 hour at room temperature. Sections were then incubated with primary antibodies (Anti-C3 \[11H9\] and Anti-C1q \[JL-1\] antibodies from Abcam, Cambridge, MA, US) overnight at 4 °C. Following several rinses in TBS, sections were incubated for 1 hour at room temperature with species-specific secondary antibodies (1:200 dilutions in 5% NDS Tx-TBS). The secondary antibodies were conjugated to fluorescein isothiocyanate or Cy3 (Jackson Immuno). After several washes with TBS, the slides were mounted with anti-fade mounting medium (Vector Laboratories, Burlingame, CA) and viewed with the aid of a confocal microscope.

Western blots
-------------

Frozen retinas (36) from 18 rats were sonicated three times for 0.5 second each, in ice cold Radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris--HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, pH 8.0, Sigma) along with a cocktail of protease and phosphatase inhibitors (1:100, Sigma). Samples were centrifuged at 14,000 rpm at 4 °C for 30 minutes. The supernatant was collected and protein concentration was measured with the aid of a BCA kit (Pierce Biotechnology Inc., Rockford, IL). Thirty micrograms of total protein were separated on sodium dodecyl (lauryl) sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, transferred to polyvinylidene difluoride (PVDF) membranes (Milipore, Billerica, MA), and blocked in 5% fat-free dry milk in TBS plus 0.1% Tween-20 (TBST) (Sigma) for 1 hour at room temperature. Primary antibodies (Anti-C3 \[11H9\], Abcam; Anti-Rac2 (PA1-9091), Pierce Antibodies; Anti-Casp3 C8487, Sigma; GNG7, sc-26773, Santa Cruz; GRM5, AB5675, EMD Millipore) were diluted in 5% bovine serum albumin (BSA)/TBST and blots were incubated overnight at 4 °C. Membranes were washed repeatedly in TBST and incubated in species-specific secondary antibodies (1:10,000 dilution in 5% BSA/TBST, Jackson Immuno, West Grove, PA) for 1 hour at room temperature. Secondary antibodies were raised in donkey and conjugated to horseradish peroxidase. After several washes in TBST, membranes were visualized using an ECL visualization kit (Pierce Biotechnology Inc.) and exposed on radiographic film. Relative molecular weights of bands were determined by comparison with protein standards and compared to reported molecular weights of known proteins of interest. Integrated density values were obtained for each band using Alpha Imager (Alpha Innotech, San Leandro, CA). Data were compared using one-way ANOVA.

Results
=======

Microarray gene expression profiles
-----------------------------------

From a total of 44,000 probes on the Agilent oligonucleotide arrays, 53, 1527, and 1576 probes were differentially expressed in the IR-injured retinas relative to the sham controls at 0-hour, 24-hour, and 7-day retinas, respectively. These numbers were obtained after applying a filter of two-fold change cut-off value together with a *P* value less than or equal to 0.05. Our microarray data have been deposited into the Gene Expression Omnibus where it is now available for the public use (GSE43671).

A comparison of all three time points showed a general lack of overlap in the differentially expressed genes among them ([Fig. 1A](#f1-oed-6-2014-043){ref-type="fig"}). For example, only three genes with altered expression values were shared between the IR 0-hour and IR 24-hour time points. Similarly, only one gene was shared between the IR 0-hour and IR 7-day time points. The most significant overlap of 258 genes was obtained between the IR 24-hour and IR 7-day reperfusion periods. Although there were some overlapping genes, the data indicated significant differences between the initial, intermediate, and late stages of IR injury.

Further, we assessed the numbers of upregulated and downregulated genes for each of the examined time points. For example, at the IR 0-hour time point, 41 of the differentially expressed genes were upregulated, while 12 genes were downregulated, compared to the sham control animals. The IR 24-hour time point exhibited 639 upregulated and 888 downregulated genes. In contrast to this, at the IR 7 days, there was significant increase in the number of upregulated genes (1467) and a significant decrease in the number of downregulated genes (109). Additionally, there was an overlap in only a few of these genes among the three time points ([Fig. 1B and 1C](#f1-oed-6-2014-043){ref-type="fig"}).

We next evaluated the microarray probes for gene annotation and functional linkage with the aid of pathway analysis software (IPA). At the initial IR 0-hour time point, the range of expression values for ischemia-associated genes lies between a 13-fold increase and a 3.3-fold decrease ([Suppl. Table 1](#s1-oed-6-2014-043){ref-type="supplementary-material"}). Among the 53 genes with altered expression in the IR 0-hour retinas, 35 probe-IDs were mapped with the aid of IPA analysis, and of these, only 26 (24 upregulated and 2 downregulated) genes were eligible for annotation and functional pathway analysis. The pathway analysis revealed that, three of the most significant canonical pathways (*P* value less than 0.022). were related to synthesis and degradation of ketone bodies, folate biosynthesis, and acute phase response signaling, though these pathways do not include the most differentially expressed genes at 0-hour post-IR ([Suppl. Table 1](#s1-oed-6-2014-043){ref-type="supplementary-material"}).

At the intermediate IR 24-hour time point, expression analysis provided 1129 probe-IDs. From these, 311 upregulated and 468 downregulated genes were eligible for annotation and functional pathway analysis. The upregulated genes were related to inflammatory responses, cell growth and proliferation, cell-to-cell signaling and interaction, cell death, and immunological diseases (*P* value less than 0.022). The most highly upregulated genes were *Atf3* (\~22-fold increase after 24 hours, \~6-fold increased after 7 days), *Hmox1* (\~22-fold increased after 24 hours, \~11-fold increased after 7 days), *nestin* (\~21-fold increased after 24 hours, \~4-fold increased after 7 days), *Clcf1* (\~19-fold increased after 24 hours, \~5-fold increased after 7 days), *Ccnd1* (\~14-fold increased after 24 hours, \~2-fold increased after 7 days). At this time point, the most significantly downregulated genes were involved in glutamate receptor signaling (*Grm5, Gnb1, Grin2a, Homer2, Grm3, Gria1, Dlg4, Gria4, Gng7*, and *Gria3*), protein kinase A signaling (*Myh10, Tgfbr1, Nfatc3, Gnb5, Pde1A, Pde4D*, etc.), and synaptic long-term depression (*Gucyia3, Itpr2, Grm3, Gria1, Pla2r1, Itpr1, Grm5, Gnat1, Ppp2r3a, Pla2g5, Gnap1, Prkce, Ryr1, Prkd1, Prkca*, and *Gria3*).

At the late stage, IR 7 days, 830 probe-IDs were mapped to yield a total of 495 upregulated and 48 downregulated genes that were eligible for annotation and functional pathway analysis. The upregulated genes were related to inflammatory responses, immunological diseases, and cell-to-cell signaling and interactions (*P* value less than 0.022). The most highly upregulated genes are *Edn2* (\~7-fold increased after 24 hours, \~47-fold increased after 7 days), *Rsad2* (\~3-fold increased after 24 hours, \~45-fold increased after 7 days), *Oas1* (\~2-fold increased after 24 hours, \~40-fold increased after 7 days), *Isg15* (\~4-fold increased after 24 hours, \~39-fold increased after 7 days), and *Bcl3* (\~7-fold increased after 24 hours, \~25-fold increased after 7 days). The most significant canonical pathways involving the upregulated genes were related to antigen presentation pathways *(B2m, Psmb9, Hla-dma, Hla-drb1, Psmb8, CD74, Tap1, Tap2, Tapbp*, and *Hla-c*), the complement system (*c1r, Serping1, C3, C1s, C4a, C1qc, C1qa, C1qb, CFH,* and *C2*), and interferon signaling (*Oas1, Ifitm1, Iif35, Stat2, Irg9, Stat1*, and *Tap1*). The most significant pathways involving the downregulated genes were related to G Protein Signaling (*Plcb1* and *Gng7*), the phototransduction pathway (*Arr3* and *Pde6c*), and glutamate receptor signaling (*Slc17a6* and *Gng7*).

[Supplementary tables 1--3](#s1-oed-6-2014-043){ref-type="supplementary-material"} provide the top 30 genes (15 upregulated and 15 downregulated genes) for each of the three stages for IR-injury.

Hierarchical cluster analysis
-----------------------------

In addition to the IPA analyses, cluster analysis was performed with the aid of *Partek* software (Partek Inc.,Louis, MO) to generate heat maps ([Fig. 2A--2D](#f2-oed-6-2014-043){ref-type="fig"}) for the four previously identified major cellular processes, including: (1) immune/inflammatory responses, (2) cell death, (3) complement system, and (4) glutamate receptor activity.

There are 206 differentially regulated genes functionally clustered in the category of immune/inflammatory responses ([Fig. 2A](#f2-oed-6-2014-043){ref-type="fig"}). From this latter figure, it is evident that immune and inflammatory responses are lacking in the sham controls and also in the initial 0-hour stages of the IR-injured retinas. In striking contrast, most of the genes in this group are upregulated at the intermediate 24-hour, and late 7-day stages of IR-injury. There is some variation in expression among genes within this cluster across these two latter stages of IR-injury.

A similar temporal pattern of expression is evident for those 271 differentially expressed genes linked with cell death/apoptosis processes ([Fig. 2B](#f2-oed-6-2014-043){ref-type="fig"}). Again, few of these genes were upregulated in the sham control animals. The majority of this group of genes was highly expressed at IR 24 hours and 7 days and again there was some variable pattern of expression for particular genes across these two time points.

The cluster of genes associated with the complement system contained 10 genes, and most of these were upregulated at IR 7 days relative to the other stages of IR-injury, and relative to the sham control animals ([Fig. 2C](#f2-oed-6-2014-043){ref-type="fig"}).

The cluster of genes associated with synaptic activity include members of the glutamate receptor family ([Fig. 2D](#f2-oed-6-2014-043){ref-type="fig"}). This set includes 11 genes and their expression was dramatically decreased at the intermediate 24-hour stage of IR-injury.

Real-time PCR of genes selected from the microarray analysis
------------------------------------------------------------

To validate and confirm the quality of the microarray data, we selected eight genes from several of the inferred pathways or functional groups and performed real-time PCR. These analyses were performed on the same RNA samples that were used for the microarray platform. All values from the RT-PCR of three ischemic rats were compared with the three sham controls. For the most part, we obtained excellent agreement between the data derived from real-time PCR and the microarray platform, such that the trend of expression changes in RT-PCRs was similar and in the same upregulated or downregulated direction as observed in microarray results ([Fig. 3](#f3-oed-6-2014-043){ref-type="fig"}). For example, in the case of NF-kappa B, we found a more robust upregulation by real-time PCR, relative to the microarray values, which may be due to differences between the sensitivities of array-probes and PCR-primers. It is not uncommon for different techniques with different sensitivities to provide different absolute values.

Immunocytochemistry
-------------------

Immunochemical analysis was used to detect the presence and localization of protein products for some of the genes which were identified as differentially expressed in the microarrays. For example, two genes that were upregulated in the IR 7-day time point were present in the retina ([Fig. 4](#f4-oed-6-2014-043){ref-type="fig"}). C1q that encodes a major constituent of the complement system is evident. It associates with the proenzymes C1r and C1s to yield C1, the first component of the serum complement system. C3 is another component of the complement system and plays a central role in its activation. Immunocytochemical localization of C1q and C3 in the IR 7-day retina showed strongest labeling in the ganglion cell and nerve fiber layers when compared with eyes from the sham control group ([Fig. 4](#f4-oed-6-2014-043){ref-type="fig"}).

Western blots
-------------

We further investigated whether the increased or decreased transcript levels detected on the microarray platform correlated to increased or decreased levels of the corresponding protein. Five randomly selected proteins, C3, Rac2, Caspase 3, Gng7, and Grm5 were used for protein level analysis using Western blot. C3 and Rac2 protein accumulation was significantly increased in retina at 7-day reperfusion compared with sham control ([Fig. 5](#f5-oed-6-2014-043){ref-type="fig"}). The Caspase 3 protein level was increased at 24 hours, but then decreased at the IR 7 days compared with IR 24-hour time point. Gng7 protein accumulation was decreased at IR 24-hour and 7-day reperfusion time points. Grm5 protein level demonstrated a decrease at IR 24-hour time point and no changes at IR 7 days. These results demonstrated that changes in the relative amounts of gene product were consistent with the observed expression changes of the transcripts for these particular genes.

Discussion
==========

In this comprehensive analysis of gene expression, we have shown that there are differences between the transcriptional responses to the initial, intermediate, and late stages of reperfusion after retinal ischemia.

The data indicated that there is minimal induction of altered gene expression in the initial reperfusion period after 1 hour of ischemia. This likely indicates that many if not most of the altered gene expression events detected at later stages of the reperfusion period are oxygen/energy-dependent changes. More than 1500 genes with altered expression were evident at the intermediate stage (24 hours) and late stage (7 days) after reperfusion. As many of these changes appear to be harmful to the retina, it seems that the reperfusion itself, rather than the ischemia is, paradoxically, damaging. Others have suggested that reperfusion results in oxidative stresses which may result in tissue damage.[@b11-oed-6-2014-043] Our results are supportive of a molecular/cellular model in which different, but perhaps interdependent, phases of molecular/cellular activities operate in a sequential manner. It appears that ischemia initiates a cascading series of events, which may be prolonged, in part to cell death, and subsequent, continuing "plastic" responses to initial injury. A consequence of these changes is the gradual reduction in thickness of retina over time, leading to ultimately tissue remodeling at 7 days post-ischemia.[@b31-oed-6-2014-043],[@b32-oed-6-2014-043] Thus, consideration of post-injury time, at least over the duration of 1 week, may have important implications for treatment strategies.

Several of the altered genes seen here were notable because they have been highlighted by prior studies of retinal ischemia. These would include immediate early genes *JunB* and *C*/*EBP,* cell-cycle-related genes *Cyclin D (Ccnd)*, stress responsive protein genes *crystallin alpha B and crystallin beta-B*2, cell-signaling protein genes *P38 MAP kinase*, *interferon-related developmental regulator 1*, *nerve growth factor inducible factor*, and others.[@b27-oed-6-2014-043],[@b29-oed-6-2014-043] However, in our study, we also found time-dependent changes in certain differentially expressed genes that only existed at specific time points in the IR period and have not been previously reported. We postulate that the altered expressions sets of specific genes and related pathways and cellular processes at different time points might contribute to a dynamic pathological manifestation of retinal IR injuries.

Responses to the ischemic period
--------------------------------

GO category enrichment analysis at the ischemic period demonstrated significant enrichment in transporter activity, for genes such as *Kcnj13* (2.9-fold increase), *Slc16a8* (2.8-fold increase), *Tf* (2.6-fold increase), *Slc26a7* (2.5-fold increase), suggesting a modified uptake of nutrients, ions, and signaling molecules. Thus, the retinal primary metabolism may experience a profound change in the ischemic period. There are two retinal specific genes upregulated in IR 0 hour and these are *Rdh5* and *Rgr. Rdh5*, a specific-retina retinol dehydrogenases, functions in the visual cycle to catalyze the final step in the biosynthesis of 11-cis retinaldehyde.[@b33-oed-6-2014-043] *Rgr*, a putative retinal G-protein coupled receptor, may be associated with autosomal recessive and autosomal-dominant retinitis pigmentosa.[@b34-oed-6-2014-043] The prospective roles of these two retinal specific genes in retinal IR injuries have not been reported and their biological associations should be explored further.

During the ischemic period, we found that *Ccdc92* and *Vhl* were significantly downregulated. *Ccdc92* is involved in metabolic pathways for glutamate and nitrogen. *Vhl* is involved in the ubiquitination and degradation of hypoxia-inducible factor (HIF),[@b35-oed-6-2014-043] a transcription factor that plays a central role in the regulation of oxygen sensitive gene expression. A decreased transcription of these two genes may play a protective effect against retinal IR. Thus, if there is less turnover of HIF, due to less *Vhl*, then neovascularization may be stimulated.[@b36-oed-6-2014-043],[@b37-oed-6-2014-043]

Responses to the reperfusion periods
------------------------------------

The expression of many immune/inflammatory as well as cell death/apoptosis-related genes appears to be indicators of significant biological processes occurring in the 24-hour reperfusion period. The induction of inflammatory/immune responses after reperfusion is believed to be a major contributor to functional deterioration after brain IR injury.[@b38-oed-6-2014-043],[@b39-oed-6-2014-043] The inflammatory processes increase the generation of reactive oxygen species (ROS), free radicals, and cytokines, which lead to cell death. In our study, the microarray analysis demonstrated the upregulation of a large number of inflammatory and immunological genes in response to IR at this time point. We observed that the gene expression levels of cytokine, chemokine, and other inflammation-related genes, such as *Edn2, IL-18, NF-κB, Ccl2, Ccl6, Clcf1, Icam1, Jun, Jun-B, Ch25h, CD44, CD68, CD74, Irf7*, were highly upregulated after reperfusion. These findings confirm and extend observations from other microarray studies in which different model systems of retinal IR-injury were used.[@b40-oed-6-2014-043]--[@b42-oed-6-2014-043]

*NF-κB* is a major regulator of the inflammatory response, and it is responsible for activation of a number of pro-inflammatory molecules, cytokines, and chemokines that lead to inflammation.[@b43-oed-6-2014-043] The exact mechanism responsible for *NF-κB* activation during IR is not clear but the involvement of ROS has been implicated.[@b44-oed-6-2014-043] A report from our laboratory demonstrated that *NF-κB* activation in the retina was downstream of glutamate-mediated signaling.[@b45-oed-6-2014-043]

Among the 271 genes associated with programed cell death, we identified not only genes that induce apoptosis but also anti-apoptosis genes. For example, the *Ccnd1* gene was upregulated (13.5-fold), and aberrant expression of this gene has been reported to induce neuronal apoptosis by the G1 arrest mechanism.[@b46-oed-6-2014-043] In addition, other well-known apoptosis-associated genes such as *Caspase 3* were found upregulated, which is in agreement with previous study.[@b31-oed-6-2014-043] However, *Atf*3 is markedly upregulated at 24-hour reperfusion with a 22-fold change. *Atf3* gene is induced when other organs such as the liver, heart, and kidney are subjected to oxidative stresses caused by IR.[@b47-oed-6-2014-043]--[@b49-oed-6-2014-043] *Atf3* may play a protective role in renal IR injury and the mechanism of the protection may involve suppression of p53 and induction of p21.[@b50-oed-6-2014-043]

*Hmox1* is also upregulated with 22-fold change at 24-hour reperfusion. *Hmox1* is known to be upregulated in response to an ischemic insult and to play an important role in protection against oxidative stress.[@b51-oed-6-2014-043],[@b52-oed-6-2014-043] Therefore, while cells that show irreversible damage may undergo apoptosis or inflammation, the survival of other retinal cells is promoted by an increased expression of anti-apoptotic or anti-inflammatory genes. This phenomenon reached its peak at 24-hour reperfusion, a balanced expression of these pro- and anti-apoptosis genes may decide the fate of retinal neurons.

The complement system activation in response to central nervous system injury appears to have both beneficial and harmful consequences. It presumably limits the scope of local inflammatory responses by facilitating rapid removal of dying cells and cellular debris.[@b53-oed-6-2014-043] Other reports showed that it can also contribute to the death of neurons under certain conditions.[@b54-oed-6-2014-043]--[@b56-oed-6-2014-043] The IR injury responses shown here are accompanied by the synthesis and accumulation of components of the complement cascade. Previous data showed that *C1q* and *C3* can be detected as early as 14 days following elevation of IOP in a rat model coincident with the development of optic nerve damage. We found that the complement genes were evidently already increased at IR 7 days. In addition to *C1q* and *C3*, a complement regulator protein, *CFH*, was also upregulated significantly at this time point. *CFH* is the main regulator of *C3* activation.[@b57-oed-6-2014-043] *CFH* prevents the assembly of the *C3*/*C5*-convertase of the alternative pathway by multiple mechanisms due to its affinity for *C3b*.[@b58-oed-6-2014-043]--[@b61-oed-6-2014-043] The implications of this upregulated *CFH* are still not clear, but may be related to a neuroprotective effect.

Downregulated genes after ischemia
----------------------------------

The genes that were downregulated in response to IR were associated with a variety of functions. The mechanisms of their association with retinal IR injury are still not straightforward.

For example, Crystalline alpha A (*Cryaa*) and *Crybb2* were highly reduced with about 70-fold changes at IR 7 days. Chronic elevation of IOP in rats resulted in decreased level of *Cryaa*, *Crybb2*, and *Cryab* at 8 days after episcleral vein injection.[@b16-oed-6-2014-043] Another microarray study on the glaucomatous DBA/2J mouse identified a loss of *Cryaa, Cryba1*, and *Cryba2*.[@b24-oed-6-2014-043] Our data showed the same tendency of *Cryaa*, but the significance of these observations is not clear at present and needs further investigation.

There are controversial theories on the possible role of glutamate and glutamate receptor in neuronal cell death. It has been proposed glutamate excitotoxicity is a mechanism which contributes to retinal ganglion cell death which is fundamental to glaucoma.[@b62-oed-6-2014-043] But Kwon et al. showed elevated vitreal glutamate levels were not found in a primate model of central retinal artery occlusion.[@b63-oed-6-2014-043] This result implied that there is no role for glutamate and its receptors in glaucomatous neuronal death. In contrast, Nucci and his colleagues (2005) showed that acute elevation of IOP increases intraretinal levels of glutamate with consequent abnormal activation of N-Methyl-D-Aspartate receptor (NMDA) and non-NMDA subtypes of glutamate receptors. These authors found increased Nitric Oxide Synthase (NOS) activity and glutamate-mediated, Retinal Ganglion Cells (RGC) death.[@b64-oed-6-2014-043]

The glutamate receptor signaling pathway was the most significant downregulated pathway at 24-hour reperfusion. The results presented here showed that there were indeed some changes in the expression of the glutamate receptors, which indicated the glutamate receptors may be involved in development of, or response to IR injury.

*Grin2a* (glutamate receptor, ionotropic, N-methyl D-aspartate 2A) encodes the glutamatergic NMDAR2a receptor responsible for excitatory neurotransmission. Although the function of this receptor is unknown in the retina, the heteromeric subunit composition of the NMDA receptor is associated with variations in excitotoxicity.[@b65-oed-6-2014-043] Brandoli et al. found that BDNF and FGF2 may protect cerebellar granule cells against excitotoxicity by altering the NMDA receptor and Ca signaling via a downregulation of NMDA receptor subunit expression, especially NMDAR2a.[@b66-oed-6-2014-043] Vacotto et al. (2010) found that acute hypoxia increases the ratio NR2B/NR2A and facilitates the evolution toward apoptosis. In the present study, *Grin2a* demonstrated a decreased expression by an almost 10-fold change. The functional outcome of decreased *Grin2a* could reduce neurotransmission, may result in less excitotoxicity and less induction of downstream inflammatory processes.[@b67-oed-6-2014-043]

*Grm5* belongs to group-I metabotropic glutamate receptors (*Grms*). A prior study has shown overexpression of metabotropic receptors protects neurons from apoptosis.[@b68-oed-6-2014-043] The possibility that downregulation of *Grm5* may lead to the death of retinal neurons after ischemia requires further exploration. We also observed the downregulation of *Grm3* which belongs to group-II *Grms*. The transduction pathway of these receptors involves a negative coupling to adenylate cyclase and their activation causes a reduction of glutamate release and thereby of synaptic excitation.[@b69-oed-6-2014-043]

Taken together, the downregulation of those glutamate receptors may be a protective response by minimizing excitotoxicity in IR injury at this time point. Alternatively, these data may be indicative of the fact that cell death is already taking place in the cells that contain these genes.

During the IR injury in retina, it is somewhat surprising to observe a general paucity of genes with altered expressions that are common among the 0 hour, 24 hours, and 7 days of reperfusion time points. This observation alludes particularly to the differences between the ischemic (0 hour) and the reperfusion periods (24 hours and 7 days). Most genes are upregulated or downregulated only in one specific time interval, indicating that IR comprises different phases characterized by specific patterns of expression of distinct sets of genes. Thus, inflammatory and immune responses and cell death/apoptosis are the principal responses at the IR 24-hour time point. Glutamate receptor signaling is another pattern with significant downregulated genes at the IR 24-hour time point. In contrast, the complement system pathway is mainly activated at the IR 7-day time point. These results suggest that the etiology of injury related to IR is complicated by the appearance of altered patterns of gene expression at different time points of retinal IR injury. We suggest that ischemia initiates a cascade of events, which occur over a time scale of at least 1 week and which is consistent with the previously documented reduction in thickness of the retina over time. Manipulation of the expression of the differentially expressed genes reported in this study could be a strategy to prevent or treat IR-injury. Examples include blockage of pro-inflammatory chemokines and cytokines, downregulation of adhesion molecules, modulation of the innate immune system, or overexpression of protective genes. However, there is a need to carefully evaluate therapeutic strategies with respect to the different cellular processes that occur at different post-ischemic times.

Supplementary Data
==================

###### 

**Supplementary Tables 1--3.** These tables 1 provide the top 30 genes (15 upregulated and 15 downregulated genes) for each of the three stages for IR-injury.
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![Venn diagrams showing: (**A**) the total numbers of differentially expressed genes in each of the 3 time points: 0 h (red), 24 h (green) and 7 days (blue) post IR and the common genes among the time points; (**B**) only up-regulated genes in each of the 3 time points, 0 h (red), 24 h (green) and 7 days (blue) post IR and the common genes among them; (**C**) only down-regulated genes in each of the 3 time points, 0 h (red), 24 h (green) and 7 days (blue) post IR, and the common genes among them.\
**Abbreviations:** IR, ischemia-reperfusion; SC, scham control; FC, fold change.](oed-6-2014-043f1){#f1-oed-6-2014-043}
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Hierarchical clustering of four gene-subsets in sham control and IR animal groups. The bright red color indicates up-regulation, the deep green color indicates down-regulation, and black portrays no change. (**A**). Hierarchical clustering of inflammatory/immune response genes. The heat map indicates that expressions of these genes are strongly increased after 24 h and 7 days reperfusion. (**B**). Hierarchical clustering of cell death/apoptosis differentially regulated genes. The heat map indicated that most of these genes are significantly up-regulated at 24 h and 7 days reperfusion. (**C**). Hierarchical clustering of complement system differentially regulated genes. The heat map demonstrates that the 11 related genes were strongly up-regulated compared to their sham control counterparts at the 7 days reperfusion time point. (**D**). Hierarchical clustering shows that 10 of 11 glutamate receptor and associated signaling related genes were down-regulated compared to their sham control counterparts at the 24 h reperfusion time point. The solute carrier gene denoted by Slc17a6, and which is significantly down regulated at IR-7 d, is an alias for the glutamate transporter VGLUT2.
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![Comparative evaluation of microarray and real-time RT-PCR results for eight selected genes.\
**Notes:** Values on the Y-axis represent the fold change relative to the sham control. Values on the X-axis represent the time course of reperfusion. Error bars indicate the standard error of the mean (n = 3).](oed-6-2014-043f3){#f3-oed-6-2014-043}

![Immunocytochemical detection and localization of C3 (green) and C1q (red), in the late stage IR 7 d retina vs the sham control retina. DAPI (blue) labels the cell nuclei. Strong immunolabeling in the nerve fiber and ganglion cell layers of the IR-injured retina was obtained, when compared with the sham control animals.\
**Notes:** Arrows point to fibers that expressed C1q protein.\
**Abbreviations:** ONL, outer nuclear layer; OPL, outer plexiform layer; INL, Inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.](oed-6-2014-043f4){#f4-oed-6-2014-043}

![Western blot analysis of protein expression in sham control and IR 0 h, 24 h and 7 d retina. C3 and Rac2 proteins reached peak accumulation at IR 7 d. Activated-caspase3 protein was increased at IR 24 h, and then gradually decreased. GNG7 protein was detected in all retinal samples, but was decreased at IR 24 h and 7 d. GRM5 protein accumulation was decreased at IR 24, then return to normal levels at IR 7 d.](oed-6-2014-043f5){#f5-oed-6-2014-043}
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